Lake Averno is situated in the homonymous crater in the northwestern sector of the Campi Flegrei active volcanic system in Campania region, Italy. In February 2005 a fish kill event was observed in the lake, prompting a geochemical survey to ascertain the possible cause. In February 2005 a geochemical survey revealed that the lake water was unstratified chemically and isotopically, presumable, as a result of lake overturn. This fish-kill phenomenon was recorded at least two other times in the past. In contrast to the February 2005 results, data collected in October 2005, shows the Lake Averno to be stratified, with an oxic epilimnion (surface to 6 m) and an anoxic hypolimnion (6 m to lake bottom at about 33 m).
Introduction
In February 2005 an event of fish kill occurred at Lake Averno sited in the Campi Flegrei caldera (Fig. 1 ). This phenomenon was recorded at least other two times in the past; February 2003 and January 2002 (personal communication ASL NA2 Servizio Veterinario) . The happenings of previous events of fish kill are probable, but no secure data are available. The media attributed the cause to the volcanic activity of the area, being the Lake Averno considered to be the entrance of the underworld since Greek and Roman times. As the lake is located inside the active volcanic district of Campi Flegrei the repeated occurrence of this phenomenon and the supposed volcanic cause alerted the citizens and the local authority. After the February 2005 event, a series of geochemical investigations on the lake were conducted in order to understand the origin of the fluids and the processes occurring in the lake and to provide insight on the triggering factor of these repeated events. This paper reports the results of these investigations.
Geological and hydrogeological settings
The Campi Flegrei District (CFD) area is located within the Campanian Plain, which is bordered by the Southern Apennines. This mountain chain results from deformation of the African continental margin and is composed of a variety of Mesozoic and Palaeogenic palaeogeographic domains (D'Argenio et al., 1973) . The Campi Flegrei caldera, the main feature of the CFD, includes a continental and a submerged part. It is a resurgent nested structure formed during two major caldera collapses related to the eruptions of the Campanian Ignimbrite (CI, 39 ky BP; Fedele et al., 2004 and references therein) and the Neapolitan Yellow Tuff (NYT, 15 ky BP; Deino et al., 2004 and references therein), respectively (Orsi et al., 1996) . Volcanological, geophysical and geochemical evidences (De Vita et al., 1998; De Vita et al., 1999; Dellino et al., 2001; Zimanowski et al., 2003) support the hypothesis that remnant(s) of the magma source feeding the large eruptive events of CI and NYT are involved in more recent volcanic episodes (e.g. Agnano-Monte Spina eruption, 4ky BP) and still supply heat and deep fluid release in the CFD, contributing to surface fluids emissions. The last eruption was in 1538, after about 3.0 ky of quiescence, and formed the Mt. Nuovo cone (Di Vito et al., 1987) , sited few hundred meters SE of the Lake Averno. At present fumarole emissions and diffuse degassing from soils at Solfatara of Pozzuoli (Chiodini et al., 2001) , and the presence of submarine fumaroles and thermal waters represent the more evident manifestations of persisting magmatic activity.
Lake Averno sits in a homonymous crater generated during two eruptions (3.7 -4.5 ky BP, . The lake is in the northwestern sector of the Campi Flegrei caldera, at the intersection of NE-SW and NW-SE fault systems . The lake (0.55 km 2 ) occupies most of the bottom of the volcanic crater with steep slopes, up to 110 m high. A gap in the crater rim is present in the southern sector.
Two main aquifers are present in the area, one is composed of relatively low to moderately permeable pyroclastic products, cinerite and alluvial deposits (scoriae, pumice, lapilli) and the other is composed of less permeable tuffaceous rocks.
Although the alternation of these rocks could indicate subterranean circulation in several overlapping aquifers, this phenomenon was only found on a local scale, because less permeable layers are discontinuous and reconstruction of the piezometric morphology revealed the existence of a single main aquifer with flow toward the coast. From the hydrogeological point of view, the Averno Lake represents the outcropping of the water table, also fed by a direct meteoric water supply and drained toward sea by a canal almost 1 km long with averaged flow of about 40 l/s (Improta et al., 2004) .
Field and analytical methods
Lake waters were surveyed on February 11 th 2005, along a vertical profile in the center of the lake, three days after that an event of fish kill occurred.
Another survey has been carried out eight months later on October 27 th 2005. In both surveys samples were collected along a vertical profile, both profiles reached the bottom of the lake to a deep of about 33 m.
The temperature, Eh and pH were measured by means of a multiparameter probe (Hydrolab multiprobe) equipped with a data logger for data storage. The nominal precisions are as follows:
depth ±0.05 m; Eh ± 20mV; temperature ±0.01 C; pH ±0.05 pH-units.
Prior to the current study on 5 th October 1999, a water profile study with pH, T and dissolved oxygen saturation percentage was conducted using a CDT Hydrolab multiparameter probe.
A small diameter (3 mm) polyethylene tube was used for water sampling, fixed close to the probe sensors and lowered to the chosen depth. Water was pumped to the surface by means of a manual vacuum pump not exceeding 0.2 bar of pressure difference in order to avoid gas separation in the pipe. Samples were collected after displacement of a water volume at least twice the inner volume of the pipe. Two sample aliquots, filtered (0.45 μm) and filtered-acidified (with HCl 1:1) were collected in polyethylene bottles for analysis of anions, hydrogen and oxygen isotopic composition and cations respectively. Alkalinity was measured just after sampling by acidimetric titration (HCl 0.05N).
The dissolved gas composition (CO 2 , N 2 , O 2 , Ar, CH 4 , He, H 2 S) was determined in the samples collected during the two post event surveys. The analyses were performed following a modified method based on Chiodini (1996) . Samples were collected in pre-evacuated 200 ml glass vials equipped with a Teflon stopcock fixed with a rubber O-ring. The water is forced to flow through a tube until no air bubbles were present by means of three way valve coupled with a syringe. The tube was then connected to the vial, avoiding trapped air during the operation, and the valve was opened until a volume of water, V liq (about 65-80% of the total vial volume, V tot ) has been obtained. The gas phase separated in the headspace of the vial, of volume V gas = V tot -V liq , was analyzed by a gaschromatograph equipped with TCD detectors through a unique injection on two columns (Molecular Sieve 5Å capillary 30m x 0.53mm x 50μm and Hysep Q packed 90' x ¼') using He as carrier gas on both columns. The partial pressure of each gas species (CO 2 , N 2 , O 2 , Ar, CH 4 , H 2 S) was determined referring to standards at different pressures. Helium partial pressure in the head space of the vials was determined, on a second injection, by a leak detector (detection limit 0.00015 mbar). Based on the partial pressure (p i ), the numbers of moles n i,g of each gas species contained in V gas +V inj (where V inj is the measured volume of the gas injection line) are calculated through the ideal gas law. After computing the partial pressures in the headspace of the vials (p i,g =(p i *(V gas +V inj ))/V gas ), the number of moles of each gas species n i,l remaining in the liquid are calculated by means of the Henry's law (constants from Wilhelm et al., 1977) , assuming that the gas phase separated in the headspace of the vial is in equilibrium with the liquid at laboratory temperature. The sum n i,g + n i,l gives the total moles of each gas species in the water sample. The effect of salinity on gas solubility, i.e. salting-out effect, was not considered in the computation, as salinities of the examined solutions are relatively low.
Major ions (Na, K, Mg, Ca, NH 4 , Cl, NO 3 and SO 4 ) were determined by ion chromatography in water samples. For the determination of δ 13 C of Total Dissolved Inorganic Carbon (TDIC), carbon species were precipitated in the field as SrCO 3 by adding SrCl 2 and NaOH in solid state. Carbonate precipitates were filtered and washed with CO 2 -free distilled water under nitrogen atmosphere.
Carbon, oxygen and hydrogen isotope analyses were performed at the Geochemistry Laboratory of INGV-Osservatorio Vesuviano using a Finnigan Delta plusXP continuous flow mass spectrometer coupled with GasbenchII device (analytical errors are: δD ± 1‰, δ 18 O ± 0.08‰ and δ 13 C ± 0.06‰).
Analytical results are reported in Table 1 . epilimnion water body and rapidly decreases to 0.5 mbar at a depth of 9 meters. Temperature changes from 20°C at 6m to 12.4°C at 9 m; pH changes from 8.83 at 6 m to 7.56 at 9 m; Eh decreases from +177 mV at 6 m to -113 mV at 9 m. Also HCO 3 and SO 4 show different distributions along the water column (Fig. 3a, b) . The epilimnion has HCO 3 of 360-380 ppm, SO 4 of 177 ppm, Ca of 35 ppm (Fig. 3c ) and NH 4 below the detection limit (<0.05 ppm, Fig. 3d ). In The survey of 11 th February does not show the presence of two distinct water bodies, but instead shows a mixed homogeneous water column. In particular the oxygen partial pressure in the entire water column is constant and lower than 1 mbar, also temperature and pH remain constant in the entire water column.
Physical and chemical characteristics of Lake Averno

Dissolved gases
During the two post-event surveys conducted in the 2005, 20 samples were analyzed for dissolved gases chemical composition ( significantly depleted in the atmospheric components. It furthermore must be noted that this bottom sample is characterized by a higher salinity with respect to the surface samples.
Total gas pressure ranges between 800 and 1400 mbar, and is well below the hydrostatic pressure throughout the whole water column (Fig. 8 ), probably as a consequence of the recent episode of water overturn that is expected to have triggered the removal of accumulated gases. In this condition, gas exsolution cannot take place, excluding the possibility, at least at this time, of a gasdriven waters overturn (limnic eruption). This occurrence also implies that the higher saline water stratified at the lake bottom has a different origin and may represent an input of degassed thermal waters.
In Figure 9 relative molar compositions of non-reactive dissolved gas species (N 2 , Ar, He)
are considered in order to investigate the origin of dissolved gases in the lake waters. Figure 9 also shows dissolved gas composition of groundwaters and thermal waters of Campi Flegrei area for comparison (Caliro, 2004) . Inspection of the figure reveals that the lake waters deviate slightly from a pure meteoric composition (Air Saturated Waters, ASW) toward a composition similar to that of hydrothermal gases discharged in the Campi Flegrei (Solfatara fumaroles; Caliro et al., 2007) . This behavior is similar to that shown by the Campi Flegrei waters, where an input of hydrothermal fluids has been recognized (Aiuppa et al., 2006) . However, Total Dissolved Inorganic Carbon (TDIC), CH 4 and N 2 relative molar concentration reported in the ternary diagram of Figure 10 show a marked trend between an ASW mixed with a hydrothermal component, and a CH 4 -rich composition. This evidence suggests that further processes must occur in the lake changing the composition of these reactive dissolved gases. In particular, the increase of CH 4 , with depth may suggest the occurrence of bacterial processes under anoxic conditions in sediments and in the water column (see section 8), followed by upward diffusion in overlying water layers. However, carbon isotopic composition of TDIC is not consistent with a pure organic origin (see section 6.2).
Chemical and isotopic composition of waters.
Relative concentrations of dissolved SO 4 , Cl and HCO 3 in lake waters are compared with the compositions of local groundwaters (Valentino et al., 1999; Stanzione, 2003, 2004; Caliro 2004; Aiuppa et al., 2006) , showing the existence of three main water types in the area ( i) Chloride-rich groundwaters, having chloride as the prevalent anion species and sodium as the main dissolved cation, suggesting the existence of a Na-Cl brine component recharging the shallow aquifer (Aiuppa et al., 2006) , with a composition similar to that of thermal brines encountered at depth in drillings within the geothermal reservoir (Guglielminetti, 1986) ; The chemical composition of the Averno waters appears similar to that of the groundwaters present in the area and in particular suggests an origin by mixing of HCO 3 -shallow waters and a Na-Cl thermal component (Fig. 11 ). The decrease in SO 4 content with depth ( Fig. 3b ), in particular for the higher saline waters sampled at the lake bottom, again suggests the occurrence of bacterial processes under anoxic conditions (sulfate reduction) in sediments and in water column (see section 8). A near saturation condition of the lake waters with respect to Fluorite (SI 0.08 ± 0.25, Table 1) may account for their relatively high F contents.
Water isotopic composition
The isotopic composition of the surveyed lake waters varies in a narrow range for both oxygen The stable isotope evolution of lake waters as a function of evaporation and mass fluxes has been studied in detail (e.g. Gat, 1981 Gat, , 1996 Gonfiantini, 1986) , with the main principles established by Craig and Gordon (1965) . Most crater lakes also have strong inputs of local meteoric waters, and the isotopic enrichments from hydrothermal additions and evaporation are usually expressed as shifts (δD and δ 18 O) from local meteoric water. Isotopic characteristics of crater lakes and geothermal pools show "flat slopes" of the isotopic evolution lines, and in general can be explained as the result of the enhanced kinetic fractionation at higher temperatures (Giggenbach and Stewart, 1982; Rowe, 1994; Varekamp and Kreulen, 2000) . The δD/δ 18 O "slope" due to evaporation is a function of the lake water temperature and atmospheric humidity; it is about 5 for lakes at ambient temperature, and may decrease to 1 for warm lake waters (Matsubaya and Sakai, 1978; Rowe, 1994) .
Considering that, Lake Averno was known since the Roman age, its total volume (6.0*10 6 m 3 ) did not change with time, being drained by a pipe toward the sea (40 l/s) and fed by groundwater and direct meteoric supply, the almost homogenous isotopic composition due to "periodically" water overturn, it is reasonable to assume that the lake has reached a steady state condition from isotopic point of view.
On the base of these assumptions and following the approach described by Gonfiantini (1986) for constant volume and well mixed lakes, the steady value of water isotopic composition as a function of the fraction of inflowing water lost by evaporation ( x ) is given by:
δ is the isotopic composition of the infiltration water, h the relative humidity of the air,
δ is the isotopic composition of water vapor of the air (-12‰ for oxygen and -86‰ for hydrogen, Gonfiantini, 1986) , α the equilibrium fractionation factor at given temperature
The steady state water compositions at different fractions of evaporation, computed starting from local meteoric water composition (δ 18 O -6.4‰, δD -34‰, Baldi et al., 1975; Bolognesi et al., 1986) and considering the local averaged air temperature of 16.4°C and the averaged relative humidity of 65%, are reported in Figure 13 together with the isotopic composition of the lake waters. Lake waters lie along this theoretical evaporation trend, characterized by δD/δ 18 O slope of about 5, supporting the occurrence of the evaporation process and indicating a fraction of evaporation of inflowing water of about 20%.
Although the evaporation process starting from pure meteoric water may explain the observed isotopic composition, this is not supported by chemical data that suggest a mixing between shallow water and a NaCl component (Fig. 11) . Figure 14 shows Cl concentration vs. the oxygen isotopic composition of Lake Averno waters together with the composition of groundwaters in the Campi Flegrei area (Valentino et al., 1999; Caliro, 2004) . The mixing trend between local groundwaters and the NaCl hydrothermal component, as well as the theoretical evaporation line of lake waters is shown. The intersection of these two lines (point A in Fig. 14) may indicates the composition of the mixed water feeding the lake characterized by a slightly more positive oxygen isotopic composition and higher Cl content with respect to local recharge. Waters collected at the lake bottom (AV33 and AV31) during the two surveys exhibit a high Cl content and slightly negative δ 18 O with respect to the uppermost lake waters, suggesting a possible input at the lake bottom of a variable mixed hydrothermal component with lake water. Although the data are not sufficient to constrain the composition of this component it is reasonable to assume that it may have a composition like point B or varying along the line labeled "input at lake bottom" in Figure 14 .
Carbon isotopic composition
The isotopic composition (expressed in δ notation) of TDIC relative to surveyed waters ranges from The analytical values are compared with those of groundwaters of the Campi Flegrei (Caliro, 2004) in Figure 15 . The carbon isotopic composition of the Campi Flegrei groundwaters is compatible with a mixing process between a shallow component with an organic carbon signature and a deep hydrothermal component (Caliro, 2004) . The lake waters are also compatible with such a mixing process and in particular the more positive values shown by the epilimnetic waters (October 2005 profile) are probably due to light carbon CO 2 consumption by photosynthesis and/or to carbon isotopic re-equilibration process of water with the atmosphere. In fact, these waters experienced a CO 2 loss approaching to the atmospheric CO 2 partial pressure (Fig. 6) . In order to evaluate qualitatively the effect of the CO 2 loss on the isotopic composition of TDIC, the fractionation factors α CO2-sol of CO 2 with respect to the carbon in the solution have been computed, for the lake waters, assuming isotopic equilibrium at the temperature of the solution between CO 2 , H 2 CO 3 , HCO 3 and CO 3 species by means of the following equation (Caliro et al., 2005) :
isotopic fractionation factors between carbon species couples, are taken from Deines et al. (1974) .
The resulting fractionation factor 1000lnα CO2-sol is about -8.0‰ for epilimnetic waters (0 to 6 m) that means a δ 13 C of about -11.0‰ for the degassed CO 2 . The occurrence of both processes: CO 2 consumption by photosynthesis and carbon isotopic re-equilibration process of water with the atmosphere (CO 2 degassing), can explain the more positive isotopic composition of the remaining dissolved carbon with respect to the hypolimnetic waters.
Water density in the Lake Averno
The chemical, physical, and isotopic homogeneity of Averno Lake waters on February 11 th 2005 (Figs. 2, 3 and 12) , strongly suggests that the lake experienced an overturn event prior to the survey.
The possibility of this phenomenon is shown below, based on water densities.
The density of an aqueous solution, ρ s (g/cm
3 ), at a given temperature, is linked to the density of pure water, ρ w , (Keenan et al., 1969) by means of the following relationship (Aguilera et al, 2000) :
where V i is the conventional partial molal volume of the i th solute in cm 3 /mol, C i is its concentration in g/kg and MW i is its molecular weight. Conventional standard partial molal volumes for the ionic solutes (Na, K, Mg, Ca, HCO 3 , SO 4 and Cl) are given by Shock and Helgeson (1988) and for dissolved CO 2 by Shock et al. (1989) .
Lowering of Ca contents in the epilimnion waters (see section 4) may be due to precipitation of calcite being these waters oversaturated with respect to calcite (Fig. 16) . The presence of precipitated calcite particles in epilimnetic waters contributes to a density increase in these waters.
This effect can be taken into account using the following equation (Aguilera et al., 2000) :
where it is assumed that all Ca lost in epilimnetic waters remains there as calcite. This is only true at steady state when the settling rate of calcite particles equals the diffusion rate of Ca across the metalimnion. Because the settling rate is probably larger than the diffusion rate, the calculated densities are probably maximum values.
The results for the samples collected during the October 2005 survey when the lake was stratified, are shown in Fig. 17 where density is reported versus temperature at various depths. Due to different temperatures and salinities of the water layers, the epilimnion waters are less dense than the hypolimnion waters. The densities of epilimnetic waters may increase upon cooling, moving along the density-temperature line in Figure 17 , approaching those of the hypolimnetic waters at about 7°C. Attainment of this condition may trigger water overturn in the lake. This occurrence has been investigated, hypothesizing that the more superficial water layer (0-6m) reaches thermal equilibrium with the atmosphere. The calculated density of the surface layer taking into account the monthly averaged air temperatures recorded in the area, is shown in Figure 18 . Because the temperatures and the densities of waters between 12 and 30 m deep appear stable in the different profiles, we assume that no significant changes occurred at depth over time. The density of the shallow layer may become higher than the density of the hypolimnetic waters, perturbing the lake zonation, when the temperature drops below 7°C. This phenomenon may occur when the atmospheric temperature remains below this value for along enough time period, as occurred in February 2005. The events of January 2002 and February 2003 may also be attributed to the same process because, in these periods, the averaged atmospheric temperature was frosty for a long time (Fig. 18) .
Another way to trigger overturn is to provide heat to hypolimnetic waters, e. g. through a sudden input of hot waters at the lake bottom, but there is no evidence for such an event.
Organotrophic and chemosynthetic bacterial processes
Lake Averno has been affected for a long time by intermittent organic enrichment from sewages discharges (Improta et al., 2004) and the organic matter accumulated in the bottom sediments, may be considered the main cause of oxygen depletion in the water column. As oxygen becomes depleted and redox conditions change, other electron acceptors are utilized by different types of anaerobic bacteria. In lakes where the hypolimnion is anoxic for much of the stratified period, the majority of hypolimnetic metabolism occurs via anaerobic pathways (Sorokin, 1970; Houser et al., 2003) . The microbial decomposition of organic matter consumes electron acceptors, produces CO 2 , H 2 S and CH 4 , and regenerates dissolved nutrients (e.g., soluble reactive phosphorus and NH 4 ) at rates that are determined, in part, by the rate of organic matter mineralization. Hydrogen sulfide (H 2 S), the end product of Bacterial Sulfate Reduction (SBR), is known to be highly toxic to eukaryotic organisms because it inhibits cytochrome c oxidase, the last step of the respiratory chain.
It is, also, known to be able to cause fish dead in micromolar range (Bagarinao, 1992 show an evident vertical zonation, indicating microbial processes were occurring either in the water column and/or in the sediments of Lake Averno (Figs. 2c,d 
and 4).
It is possible to distinguish three zones: the upper aerobic zone, down to a depth of 6 m; a second zone characterized by a rapid increase of H 2 S, CO 2 and contemporaneous sharp decrease of O 2 concentration and a third anaerobic zone characterized, in near bottom water, by high concentrations either of H 2 S, CO 2 and CH 4 . An increase CH 4 with depth is evident, indicating decomposition of organic matter under anoxic conditions in sediments. An increase of CO 2 content with depth is also evident, but it can not be linked to an organic production, at least as main source.
In fact, if the increase of CO 2 (and TDIC) with depth were associated to bacterial production a strong variation in carbon isotope composition toward very negative values should be expected (about δ 13 C -25‰ for organic CO 2 , Faure, 1986) . Contrary, TDIC isotopic composition of the hypolimnetic waters remains almost constant in the water column (δ 13 C -6.1±0.2 ‰; TDIC 7.2 ±0.2 mM) until the depth of the 33 m. Furthermore the bottom sample, which is characterized by the higher TDIC content (14.5 mM), shows a more positive isotopic value (δ 13 C -5.4‰), excluding a significant addition of organic carbon and again suggesting a hydrothermal input in the lake bottom water.
In the upper zone there is a clear O 2 maximum between -3 and -9 m resulting from the intensive photosynthesis of phytoplankton stratified at the thermo-cline and the presence of light and nutrients, in particular ammonium ion, transported to this zone from the deep layers (Fig. 3d ) (Sorokin, 1970) . Moreover the concurrent depletion of methane and oxygen between -9 and -6 m is the effect of aerobic methane oxidation. In the second zone, at -18 m, there is a H 2 S maximum (420 μmol/l), probably produced by an intense rate of BSR. This microbial process is fed by the supply of fresh organic matter from the upper zone where intensive biosynthesis by bacteria, both the photosynthetic anoxygenic purple bacteria and the chemosynthetic colorless sulfur bacteria can occur (Sorokin, 1970; Ivanov et al., 2001) . In fact, a layer of water of characteristic pink color was observed during the 13 th October 1999 campaign owing to the presence of these bacteria.
Moreover a drop of methane concentration from 247 μM at -18 m depth to 103 μM a -15 m is observed. The high negative correlation (Spearman Rank = -0.80; n=12; p<0.05) between methane and sulfate concentrations could support the hypothesis of anaerobic oxidation of methane with concurrent sulfate reduction (Ivanov et al., 1989; Treude et al., 2005) .
Below -18 m there is a third hydro chemical zone characterized by the highest concentrations of H 2 S, CO 2 and CH 4 at the bottom. The shape of CH 4 , CO 2 and H 2 S profiles as well as the steps in the redox variation suggest both the existence of a biological/chemical mechanism hiding the slow diffusion of these substances from the bottom to the above water layers and a density separation of deepest waters due to higher salt content.
The importance of BSR in lakes depends on the rate of organic input and the availability of sulfate.
The threshold sulfate concentration below which no BSR rate occurs have been found between 8
and 40 μM (Holmer and Storkholm, 2001 ). In the lake Averno the sulfate content attains a very high concentration (>1.8mM) and it remains almost constant along the water column, though shows a slight decrease at the thermocline, and a sharp decrease at the bottom where it is reasonably to hypothesize an intensive BSR activity (Fig. 3b) .
If it assumed that the bottom waters are in steady state, the consumption of sulfate due to the BSR activity must be balanced by diffusion from the upper layers. Fick's first law of diffusion was used to determine the rate of water sulfate diffusion and consequently the BSR rate (Sinke et al., 1992) .
In order to estimate the diffusion gradient it is used a simple linear equation which resulted in a sulfate concentration gradient of 21 μmol l -1 cm -4 . Since the molecular diffusion coefficient of SO 4 2-corrected for in situ temperature (9°C) was of 7 x 10 -6 cm -2 s -1 , (Li and Gregory, 1974) sulfate reduction rate of 14 μmol m -2 day -1 has been obtained.
On the other hand if the Fick's first law of diffusion is applied to H 2 S gradient (Purdy et al., 2001) , considering its molecular diffusion coefficient of 11 x 10 -5 cm -2 s -1 (Tamimi et al., 1994) , BSR rate accounts for 22 μmol m -2 day -1 , that is close to the rate resulting by SO 4 gradient.
During the February 2005 campaign the vertical profiles show a breaking of the vertical stratification: methane is present up to the surface, oxygen is absent along the whole water column, and a redox discontinuity remains only in the bottom waters. Unfortunately sulfide data were not recorded at this time but the presence of sulfide up to the surface can be inferred from the white colour of water of lake Averno observed during the fish kill. This phenomenon of white waters is known as caused by the sudden arrival of high content of H 2 S (10-20 mg/l) in the water mass oxygen saturated with the transformation of sulfide in molecular sulfur (S 0 ) and drop in pH (<7.5) (Sorokin, 1970; Castel et. al., 1996) according to the balance equation
The bulk of these results strongly support the hypothesis that the fish kill was caused by the breaking of the thermal stratification, and resulting rise of toxic levels of H 2 S.
Conclusion
The chemical and isotopic composition of Averno waters suggests an origin by mixing of shallow waters and a Na-Cl-rich hydrothermal component, showing similar composition to that of the groundwaters present in the area. The isotopic composition of Total Dissolved Inorganic Carbon also indicates a mixing process between a shallow organic source and a hydrothermal component.
An active evaporation process is inferred by isotopic composition of lake waters, indicating a fraction of evaporation of inflowing water of about 20%. Non-reactive dissolved gas species (Ar, N 2 , He) also support a hydrothermal input in the lake waters, in particular the dissolved gas appears to be controlled by addition in the atmospheric equilibrated waters (infiltrating waters) of fluids with a composition similar to that emitted at Solfatara fumarolic field.
Because SO 4 is strongly affected by microbial activity the lowering of SO 4 content, and the increase of CH 4 content shown by lake water with depth, in particular for the waters sampled at lake bottom, suggest the occurrence of bacterial processes under anoxic conditions in sediments and in the water column.
In fact, the vertical profiles of the 27th October 2005 campaign show an evident vertical zonation of the microbial processes occurring either in the water column and/or in the sediments. Three zones can be distinguished: the upper aerobic zone, down to a depth of 6 m; a second zone characterized by a rapid increase of H 2 S, CO 2 and contemporaneous sharp decrease of O 2 concentration and a third anaerobic zone characterized, in near bottom water, by high concentrations of H 2 S, CO 2 and CH 4 . Decomposition of organic matter under anoxic condition in bottom sediments has resulted in increased levels of CH 4 with depth. Although, bacterial process may also produce CO 2 , the increase of TDIC with depth shown by the lake waters can not be linked, at least as the main source, to such a process. In fact, TDIC carbon isotopic composition of the bottom sample, characterized by the higher TDIC content (14.5 mM), show a more positive isotopic value (δ 13 C -5.4‰) with respect to the hypolimnetic waters (δ 13 C -6.1±0.2 ‰; TDIC 7.2 ±0.2 mM), excluding a significant addition of isotopically light organic carbon and again suggesting a hydrothermal input in the lake bottom water.
Sulfate reduction and methanogenetic processes coexist and play a pivotal role in the anaerobic environment of Lake Averno. The BSR activity has been estimated through the application of The bulk of these results strongly support the hypothesis that the fish kill has been caused by the breaking of the thermal stratification, followed by the rise of toxic levels of H 2 S from lake bottom to surface waters.
However, CH 4 -producing bacteria in lake sediments may generate a CH 4 excess in deep lake waters if the producing rate is higher than the diffusion rate in the uppermost water layers. The accumulation of CH 4 in deep water, also due to its low solubility may increase total gas pressure and trigger gas-driven overturn perturbing lake stratification. Unfortunately, no data is available to calculate the CH 4 production rate. At the time of last survey total gas pressure (0.9 to 1.4 bar) in lake waters was always below the hydrostatic pressure excluding, at least at this time, the possibility of a limnic eruption.
Further investigations in order to establish the bacterial CH 4 producing rate and monitoring of relevant chemical and physical parameters and dissolved gas composition of Lake Averno waters should be carried out on a regular basis to better define the triggering mechanism of recorded events. Pressures are always below the hydrostatic pressure at these times. (Caliro et al., 2007) and the composition of ASW are also reported. 
